The magnetic relaxation processes in disordered two-dimensional ensembles of dipole-coupled magnetic nanoparticles are theoretically investigated by performing numerical simulations. The energy landscape of the system is explored by determining saddle points, adjacent local minima, energy barriers, and the associated minimum energy paths (MEPs) as functions of the structural disorder and particle density. The changes in the magnetic order of the nanostructure along the MEPs connecting adjacent minima are analyzed from a local perspective. In particular, we determine the extension of the correlated region where the directions of the particle magnetic moments vary significantly. It is shown that with increasing degree of disorder the magnetic correlation range decreases, i.e., the elementary relaxation processes become more localized. The distribution of the energy barriers, and their relation to the changes in the magnetic configurations are quantified. Finally, some implications for the long-time magnetic relaxation dynamics of nanostructures are discussed.
pled systems the local contributions dominate, and the interactions can be handled as perturbations. In this case the magnetic relaxation is governed by single-particle fluctuations that can be described by a superparamagnetic Arrhenius-like model showing blocking effects at low temperatures.
14 However, in the most interesting case of strongly interacting magnetic nanostructures, for example, for densely packed nanoparticles, the single-particle approach is no longer appropriate. 2 Here the system exhibits a complicated, spin-glass-like behavior, characterized by a complex energy landscape, a large number of metastable minima, and a non-collinear magnetization of the particle ensemble. 15, 16 For these strongly interacting systems the magnetization dynamics is determined by a collective response. In other words, changes in the magnetization direction of a given particle inevitably cause neighboring particles to vary their magnetic directions as well. During the transition from a local energy-minimum to another one, within a magnetic relaxation process, the magnetization directions of many particles change. Therefore, the collective behavior of the nanostructure has to be taken into account from the start.
The disorder within the nanostructure and the anisotropic long-ranged nature of the dipole interaction represent a serious challenge for theoretical investigations so that simple analytical approaches are in general not applicable. Therefore, numerical simulations have been performed in order to achieve a detailed description of these systems. 17 Phenomenological, macroscopic quantities like the field-cooled and zero-field-cooled magnetization curves, the linear and nonlinear susceptibilities, or the magnetic relaxation rate have been calculated. 8, 18, 19, 20 Moreover, the magnetic transitions between energy minima have been investigated by solving a continuum dynamical model including dissipation and thermal fluctuation terms (Langevin dynamics) as well as by using path-integral methods.
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In order to take into account the diversity of nonequivalent trajectories, these calculations involve optimizations in a space of dimension d = nνk, where n is the number of particles, ν the number of degrees of freedom, and k the number discretizations of the relaxation path.
The main purpose of this paper is to investigate the collective microscopic processes occurring along the magnetic relaxations of disordered magnetic nanostructures. To this aim we focus on the elementary transitions along the minimum energy path (MEP) connecting two neighboring local minima across a single saddle point. These fundamental processes can be regarded as the microscopic analogy to the Barkhausen-jumps of the magnetization in hysteresis loops. The actual macroscopic relaxation is the result of a succession of such transitions between metastable states. Understanding them is therefore very important for the modelization of the long-time dynamics. One of the goals of this work is to analyze the properties of these magnetic rearrangements from a local perspective by determining the variations ∆φ i in the directions of the magnetic moments at each nanoparticle i. In particular a correlation range λ c is defined, that measures the spatial extent of the relevant collective processes as a function of experimentally important parameters like particle density and degree of disorder. Furthermore, the distribution of the energy barriers is quantified in order to determine how they correlate with the changes in the magnetic configurations.
The remainder of the paper is organized as follows. In Sec. II the theoretical background describing the interacting magnetic nanoparticle system is presented. The methods for calculating saddle points, adjacent minima, relaxation paths and the resulting changes in the magnetic order along elementary transitions are outlined. In Sec. III representative results for the elementary transitions and the associated correlation ranges are reported and discussed. The distribution of the energy barriers, and their relation to the variation in the magnetic configurations are investigated. Finally, we conclude in Sec. IV by pointing out some of the potential implications of this study for magnetization reversal dynamics and high-density magnetic recording.
II. MODEL AND CALCULATION METHOD
The purpose of this section is to describe the main aspects of the present model of disordered magnetic nanostructures. Further details of the theory may be found in Ref. 16 .
We consider a 2D system of N non-overlapping, spherical magnetic particles contained in a square unit cell with periodic boundary conditions. Due to the strong interatomic ferromagnetic exchange interactions and the small size of the particles under consideration, it is clear that each particle i can be regarded as a single-domain or Stoner-Wohlfarth magnet carrying a giant spin m i . 22 The modulus of the local moments is given by m i = n i µ at , where µ at is the atomic magnetic moment and n i the number of atoms in particle i.
Different kinds of structural arrangements are considered in the following: (i) a periodic square-lattice array, (ii) a disordered array where the particles are randomly dispersed around the sites of a periodic square lattice according to a Gaussian distribution with standard deviation σ R , and (iii) a fully-random particle distribution of non-overlapping particles within the unit cell.
In this paper we focus on the effects of the dipole coupling on the collective magnetic behavior. This is a particularly interesting physical situation, since in the limit of weak magnetic anisotropy and external magnetic field the numbers of local minima and the complexity of the energy landscape are expected to be largest. For each particle arrangement the dipolar interaction between the particle moments m i is given by
where r ij = r i − r j is the vector between the centers of particles i and j, r ij = |r ij | the corresponding distance, and µ 0 the vacuum permeability. The infinite range of the dipole interaction is taken into account by computing an Ewald-type summation over all periodically arranged unit cells of the extended planar system. 23 Since the particles do not have direct metal-metal contacts, no interparticle exchange interactions are included.
Taking into account these short-range contributions, as well as local magnetic anisotropies or external magnetic fields, poses no major technical difficulties and could be investigated by similar simulations. For simplicity we assume that all particles have the same size n i = 30000 atoms, which corresponds to a particle radius of about 15 lattice constants.
Previous studies have actually shown that the dominant disorder effects are due to the irregularity of the particle arrangement and that the distribution of particle sizes yields a similar behavior. 16 The directions of the particle magnetizations m i are restricted to the plane of the nanostructure. Hence, the magnetic configurations are characterized for simplicity by the set of in-plane angles {φ i } in the unit cell (i = 1, . . . N).
The particle ensemble is characterized by the number of particles N in the unit cell, by the standard deviation σ R of the structural disorder of the particle array, and by the surface coverage C. 16 The size of the unit cell is defined in terms of N and the average interparticle distance R 0 . For a given realization of the nanostructure we sample randomly the energy landscape and determine a large number of first-order saddle points The range λ c of the magnetic correlations involved in an elementary transition is quantified in two steps as follows. First, the epicenter R c of the angular variations
where r i is the position of the center of particle i. Note that R c needs not to coincide with the position of any particle. Second, the dependence of ∆φ i on the distance |r i − R c | to the epicenter is fitted by an exponential of the form
from which the correlation range λ c is obtained. The angular variations are normalized with respect to the maximal change ∆φ max occurring in that particular pair of states. The factor 2 in the exponential is introduced in order that λ c covers most of the significant angular variations. Hence, for |r i − R c | = λ c the change of angle ∆φ i is reduced by a factor e 2 with respect to ∆φ max . However, the use of an exponential fit should not be interpreted as a statement on the precise distance dependence of ∆φ i , which is presently not known in detail.
The Euclidean distance between the saddle point S and the adjacent minimum M is given by
D SM provides a quantitative measure of the changes in the magnetic order during an elementary transition. The correlation ranges λ c and distances D SM are averaged over a large number of elementary transitions (typically a few thousands) and several geometrical arrangements of the particles in the nanostructure. In the following calculations parameters appropriate for Fe particles are used, i.e., µ at = 2.2 µ B and nearest neighbor distance a 0 = 2.5Å.
III. RESULTS AND DISCUSSION
The most stable magnetic arrangement of a periodic square lattice of dipole coupled magnetic nanoparticles having all the same size is know to correspond to the so-called microvortex state. 16 This magnetic order has a vanishing net magnetization and is characterized by a continuous degeneracy with respect to the microvortex angle. Any, however small, deviation from the square-lattice symmetry lifts this degeneracy. For weak disorder the low-energy states preserve a close resemblance with a microvortex state but as the disorder increases the apparent extended periodicity of the magnetic structure is completely lost. In the case of strong disorder the magnetic state is characterized by head-to-tail of particles takes part in an elementary transition. In the limit of a periodic arrangement the whole system is involved in an elementary relaxation (microvortex state). Nevertheless, for moderately disturbed ensembles where the underlying square arrangement is still clearly recognizable, the correlation range already assumes relatively small values [see,
for example, Fig. 1(a) ]. It would be therefore interesting to investigate the dependence of λ c on σ R in more detail, particularly as the periodic lattice is approached (σ R → 0).
Finally, it should be mentioned that including single-particle magnetic anisotropies in the calculations would tend to further reduce λ c , especially for small coverages C and large interparticle distances R 0 . This corresponds to weakly interacting particle ensembles, where the elementary transitions are essentially given by the magnetic reversal of a single particle.
The energy barriers ∆E SM = E S −E M between a saddle point and the adjacent minima are one of the central properties governing the relaxation dynamics. In Fig. 3 follows approximately an exponential behavior, although the precise energy dependence of the distribution is not known. In any case, it is worth noting that the distribution of barrier energies contrasts with those of the absolute energies of the saddle points and local minima, which were shown to be Gaussian-like for random particle ensembles.
16 Figure 4 shows the correlation between ∆E SM and the distance D SM between the saddle points and the adjacent minima in a random nanoparticle setup [see Eq. (4)]. As a general trend one observes that if D SM is small also the corresponding ∆E SM is small. However, for larger D SM the energy barriers can assume both large and small values. Hence, important changes of the magnetic arrangement are also possible by involving only a single and relatively small energy barrier ∆E SM . In this connection it should be noted that the distribution of the distances D SM between saddles and minima has been found to follow a Poisson-like distribution.
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In Fig For more realistic simulations and for a detailed comparison with experiment it would be interesting to take into account other potentially important contributions, for example, the magnetic anisotropy energy of individual particles and the interaction with external magnetic fields. Qualitatively, one expects that increasing the single-particle
anisotropies or the applied field should tend to reduce the correlation range of the elementary dynamical process, since the magnetic relaxation would be increasingly dominated by single-particle effects. Another aspect deserving further study concerns the distribution of particle sizes, which is certainly unavoidable in real nanostructures. In fact previous works 24 suggest that they should have similar, probably less severe consequences on the energy landscape as the positional disorder considered here. More interesting interaction effects on the dynamics are expected to result from other types of interparticle couplings, for instance, indirect RKKY interactions between NP on metallic substrates, or direct exchange interactions at the boundaries of bare NPs in contact. These energy contributions can be treated straightforwardly using the methods developed in this work.
The trend to increasing localization of the magnetic excitations with increasing disorder in the particle arrangement should be of interest for tailoring materials for information storage. In fact, a stronger disorder decreases the minimum distance required for an independent switching of neighboring 'bits'. Hence, controlling the main parameters characterizing the nanostructure allows to optimize their magnetic response as potential high-density magnetic-storage media or spintronic devices, for example, by tuning the particle arrangements and the coverages. This also reveals the limits for single-particle read and write processes in interacting magnetic nanostructures. Research in these directions is currently in progress.
APPENDIX A: ITERATIVE SEARCH FOR SADDLE POINTS
The method to determine the first-order saddle points is based on the eigenvalues and eigenvectors of the Hessian matrix of the energy E as a function of the magnetization angles {φ i } [see Eq.
(1)]. 25 The following iteration algorithm is applied as sketched in The convergence criterion at a first-order saddle point S requires that the norm of the gradient be sufficiently small, that the lowest eigenvalue λ 0 at S be negative, and that 
